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ABSTRACT

DESIGN, CONSTRUCTIONAND PERFORMANCE EVALUATION
OF A VARIABLE PITCH AXIAL FLOW PUMP

Canbaz, ¥zge¢ér
M. S., Department of Mechanical Engineering
Supervisor: Prof. Dr. Kahraman Albayrak

June2013, B6 pages

The need for high capacity pumps iiscreasing inT gkiye. Meetirg these type of
demand with our national industryill become an important developmentor the
future. In this thesis, a variable pitcxial flow pump, having capacity the rangeof
500-7001/s with the headn the rangef 4.2-4.8 m at the rotationapeed of 1000 rpm
is designed, manufactured and tested in Layne Bowler PumpsaBgnmhis thesis is
apartofawor k of -TEYDBBpiojd{

A design procedure is developed amgeller blades ardesignedy using the special
airfoils. Pump geomeyris constructed agariable pich blades which provides large
operationalrange by changing the stagger angle of the bladésr the design
calculations of the pump, the CFD (Computational Fluid Dynamics) analyses are
performed.

CPD is a valuable tol to predict the performance characteristics of the pumps with an
easy and economatway. CFDis tried to be integrated into the design procedund

the improvement studies are perform&be experimental and the numerical results of
the manufactured pop are compared to calibrate the CFD code to use for the future
works.

Also, the partload and the cavitation characteristics of the axial flow pumps are
investigated. The cavitation performance, including the NP&ht the cavitation
inception of the deggned axial flow pump is obtained with the help of CFD. The
instability problems that are inevitable for axial flow pumps, which are caused by the
presence of reaiulation and secondary flows, ateidied

Keywords: Vertical turbine axial flow pump, Vable pitch blades, CFD analysis,
Pump performance test, Cavitation, Recirculation, Instability
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Canbaz, ¥zge¢ér
Y¢ksek Lisans, Makina M¢cghendi sl iji B°
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Haziran2013, B6 sayfa
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CHAPTER 1

INTRODUCTION

1.1. General Layout of the Thesis

The flow in pumps is exceedingly complex. This complexity involves stipar
turbulence and secondary flows. All these phenomena affect the pump hydraulic
performance and cavitation performance. To date, there has been done a lot of
researchin orderto understand the flow structureside thepumps and developed
suitéble gemetries to obtain high efficiency pumps. By these methods and
approaches, many hydraulic machines and pumps have been designed. Still these
machines are doing their jobs very well.

In this thesis, axial flow pump design procedure is investigated andAsesrding to

this procedure, a variable pitch axial flow pump is designetthwhlnsures given
design point. Nmerical experimentation is performed by using CFD (Computational
Fluid Dynamics) codes. The results of the numerical experimentation are used to
improve the design of the pump. Then, the designed pump is manufactured in the
company, Layne Bowler Pumps. Laboratory tests are done and the results are
compared with the results obtained from CFD.

Axial flow pumps are high specific speed pumps whiaans that they are used for
large flow rates with low heads. The application areas for this pumpsragation,
sewage treatment plants, cooling watpplicationsand drainage systems. In literature
and application, axial flow pump blades are desigasdairfoils, [1]. The most
important advantage of using airfoils is having a great lift to drag characteristjcs. So
in this thesis, airfoils are invégated and the design procedusdnich includes
calculations based on owémensional method and selectiof the appropriate
profiles is obtained. With the help of CFD codié® designed pump is improved so
the efficiency of the pump is increased. Also, investigations are done pgimtpdhe
blade stagger angleh& blade stagger angbhangeare useful fo the industry which
means that they can use these pumps in a epaeationalrange without losing the
efficiency.



CFD is used for predicting the pump performance before experimental tests. From
this point, CFD is a very powerful and econoatitool for pump design. CFD
provides designers to optimize the pump performance in office environment. The
commercial codes are available in the market such as Fluent, CFX, CFdesign, Star
CD, Numeca which can handle turbomachinery CFD solutions with modeling
feaures. In this thesiCFX andFluentcodes are used. Analyses are performed using
appropriate boundary conditionsida turbulence models. Using CFI is easy to
investigate different designs and optimize the performance with the optimal design
parameterghat sae time and decreasmsts of the prototypes. Especially, the most
valuable benefit of it is the contribution to the designer on being experienced by
testing his designs rapidly.

In Chapter 2, basic information about axial flow pumps is givenw Riside the
pumps is tried to be explained. The parameters that are given in this section are
important for the pump design.

In Chapter 3, the desigralculationgprocedure of the axial flow pump is explained in
detail. The desig calculations are dorend the impeller and diffusgreometies are
obtainedby using this procedureSeveral design changes are done to achieve the
desired design parametavith high efficiency

In Chapter 4, the CFD approach is explained in detail. The application of ihénCF
pump analyses is given. In this thesis, the design changes are done according to the
CFD results. So, it can be said that the design procedure in this thesis includes CFD
application.Fundamentally, the two designs are done. For this purpose, tweoediff

airfoils are used. Both of the designs are modified and the final forms of them are
obtained by using CFD integration. The efficient design is selected as the final design.
The investigations are continued on the final design. The main CFD tods ithéisis

is CFX. First of all the comparisonf the two turbulence models are performede T

kO and the SST turbulence models are compar
calculations are investigatel. order to compare the results with another software the
Fluent analyses are donkhe effect of surface roughness is investigated. The pump in
this thesis has variable pitch blades. So, the effect of blade position adjustment is
investigated. Finally, the cavitation performance of the pump is obtained by
numerically.

In Chapter 5, the solid models and the manufacturing of the designedapegipen
With the several pictures the pump parts and the manufacturing process are tried to be
explained.

In Chapter 6, the experimental setup and the performance tests of the pump at the
three blade positions are given.



The Chapter 7 is thdiscussionand conclusionchapter. All results are discussed at
this chapter. The experimental and the numerical results are compared. The conclusion
is done and the future work is given.

In Appendices, the design calculations of the final design, photographs and the
uncertainty calculations of the experimental test segmiven.






CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

In this chapter, the review of studies relevant toitheabject are given. Theory of

flow in pump and the main parameters that affect the design of pump are investigated.
After the brief introduction to axial flow pump specifications and theory, the design
parameters are explained. In this thesis, the nealechlculations are done by CFD
codes. The usage of CFD codes and the investigations are given in this chapter.

2.2. General Information about Pumps and Specific Speed

Pumps are classified as rotodynamic and positive displacement pumps. Rotodynamic
pumps convert shaft power into fluid power by increasing the moment of momentum
of the fluid flowing through the impeller. Mainlyotodynamic pumps are categorized

by the impeller shape. There are three categories which are called as radial, mixed and
axial flow pumps. Pumps are characterized by the flow rate Q, the head H and the
impeller rotational speed n. These parameters determine the impeller type. These three
performance parameters at the best efficiency point give the "specific speed". The
definitions of specific speeds dimersional and nomlimensional formare given in

Table 2.1.

Table 2.1 Definitions of specific speeds

Common in Europe . : :
(metric) P US customary units Nonrdimensional
0.5
Q” n=n_ =t
nq =n H0.75 ! HO]S (gH)
nyY rpm nyY rpm wY rad/s
QY nt/s QY gpm QY nf/s
HY m HY ft HY m




The change in impeller geometry with the specific speed is given in Figure 2.1.
Specific speed increases from radial flow to axial flow impeller.

Specific speed, ns
107! 2 3 4 s 6 7 30901 2 3 4 s 6 7 8 9l0
. T T T T T g FE) R [ T T T T 8 | | 1 1
Positive displacement
.—I’—.

Radial-flow

Mixed-flow

Axial-flow

- N\ g

Vane _ Hub
Hub . { y
o Vane 2 77 5 »5 {

Axis of rotation

Figure 2.1 Pump types with specific speed

In Figure 2.2 change in achievable pump efficiencies with various specific speed and
the pump capacity are given. At low capacities the efficiency decreases significantly.
High capacitypumps are axial flow pumps and unfortunately, the efficiencies of this
type of pumps are high. Using this kind of figures the efficiencies of the desired pump
can be estimated.
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Figure 2.2 Pump efficiency versus specific speed



2.3. Axial Flow Pumps

Large flow rates and low heads corresponds to high specific speed. As previously
explained, high specific speed pumps are axial flow pumps.

Typical applications of axial flow pumps are;
1 Irrigation,
1 Sewage treatment plants
1 Cooling waterapplications
i Drainage systems,

9 Floating control.

Figure 2.3 Vertical Turbine Axial Flow Pump (Layne Bowler)



In Figure 2.3,cut view of avertical turbine axial flow pump can be seen. The
company, Layne Bowler, manufactures vertical turbine and submersible gamps
local and global markefThe company have capability to produce all the pumps from
low specific speed to high specific spekligh capacity vertical turbine pump, such as
axial flow pump need of the market is rising these days. In order to meet this
requirement with a national way is very important Togkiye. Layne Bowler plays an
important role in the pump design and manufacturing market with using their own
experience comes from over 50 years.

This company has its own "Research and Developmerdriyaent”. With increasing
technological developments, the research and development works increases. The older
designs are renewed with the high efficiency pumps. Especially, new types of pumps
are brought in to the company.

Figure 2.4A typical axial flow pump, impeller and diffuser (Layne Bowler)

2.4. Performance Characteristics of AxiaFlow Pumps

Although pumps have a best efficiency point, they are operated in a epeaifge.

Ideally, pumps shoulde always operatt at best effickncy point but sometimes
pumps carbe operaté near this point due to the need of uséamd of the system.
This operational range is limited by the characteristicthefpump specifed by the



manufacturerBecause, by moving away from the best efficiepoint, the hydraulic
and mechanical problemsay aise, unfortunately.

As will be explained in the section of "Partload Operation and Recirculation”, the
specific speed and the main geometries of pumps play an important role on
performance curves of pyrs. By the increase in specific speed, the ratio of -atfut
head to operation head of purapd the pump poweéncrease The physics behind of

this is well explained iflReferencgl]. The presence of recirculation at inlet and outlet

of impeller increasethe head component of pump at partload and-afiudperation,

[1]. Therefore, in axial flow pumps, the power value at low capacities are very high
with respect to best efficiency poiffthe change of €4 characteristics of the pump
with speific speed igyiven in Figure 2.5
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Figure 2.5The change of €4 characteristics of the pump with specific speed

A typical performance curve of an axial flommpp having a specific speed af4 is
given in Figure 2.6
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Figure 2.6Pefformance curve of an axial flopump having specific speed af4d, [2Z]

The most harmful effect of the recirculation is the instabilityQaH curve. The
instability occurs at partload of the pump. When lowering the flow rate, the head
decreases at instidiby region. Unfortunately, the tendency of instabilities @tH
curveis high for axial flow pumpsThe instability atQ-H curve causes vibration,
noise and pressure side cavitatidhe system and pump curve can not be matched at
one point From this pt of view an axial flow pump haven't to be allowed to operate
at the instability region.

2.5. Flow Inside the Pumps

The main goal of this section is to explain the flow inside the pumps. The parameters
and theory given in this section that affect fhemp design are explained with the
literature support. With this section, it is expected to understand the theory and the
selected or assumed parameters in the design procedure.

2.5.1. Vortex Motion

Movement of fluid in a circular path is known as ategrmotion. Particles of the

same stream cylinder move with the same tangential and angular velocity. Variation in
the linear or angular velocity determines the pressure distribution along the faldius

1C



Selection of tangential velocity variation is amportant step in pump design.
Tangential velocity distribution along the radius determines the energy transfer
distribution from hub to tip Therefore, the distribution of the blade angles of the
impeller from hub to tip is obtained with the type of wartmotion. In principle, the
energy transfer distribution can be selected arbitrarily. Some specific distributions of
the angular momentum on the impeller outlet is used in pump design to obtain better
and controlled results which are known as free vatekforced vortex design.

Theory of radial equilibrium is commonly used for calculations of the pump design.
At this theory a small element of fluid of mass dm of unit depth and subtending and
angled dat the axis, rotating about the axis with tangentedobcity, Vi at radius r,
Figure 27, [4]. For radial equilibrium the pressure forces balance the centrifugal
forces.

Figure 27 A fluid element in radial equilibrium, [4
a_ 1 0 V?
(p+dp(r +dndg prd g gep 5 dp glrd g drs- (2.1)

At Equation (2.1), if the terms of the second order of smallness are ignored and the
dm=r rd glr is written, the equation is reduces to,

rdr r
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This condition can be deed from the momentum equatiomhe general three
dimensional momentum equation of inviscid fluid in a radial direction expressed in a

cylindrical coordinate system can be written asofel:

1P
:

2|8

2
N, \={9- 5 \/Z+ﬂ lq_ (2.3)
r dqg” z ar

Q

Assuming axisymmetric flow and imposing a zero rafl@a velocity, it can be
simplified to:

1dp_V;
rdr r

It is seen that radial edilbrium condition assumes that all of the terms in the radial
momentum equations are negligible, except the pressure gradient and the centrifugal

acceleration.

For axial flow pumps, it is assumed that there is not radial component of the velocity.
Only tangential and axial component of the velocity is used in the calculations. If total
pressure is combined with radial equilibrium condition, Equation (2.4) is obtained.

po=p (VW)

q

dp, _dp 1 &dv’ dV?
— _{L,- Y4 Ah"L
dr dr 2 ésdr dr

- O: Ot

o 2 2 ~
1dp_1dp 18dvi v ©
r dr rdr 2(; dr dr =
ldp, _ V7 1&dV} dV2 &
- = e - 1§
rodr r 29 dr dar =
1d 14, ,dv, 6ev? 14_, dv,6 ©
_dpo_E@/z dZ 0-'é_q_ 42= qd_‘Z (o]
r r c r +ér c r =
1d & dv. 6ev? & o/, o9
__p0= z z 0-|-e_q_’ 04 &l
rdr ¢ mdrosar ¢ odroo
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1dp, _&,dv, 6ev drv,)
1dp, _ . 88y, A1V, 2.4
r dr gé’z dr Zg&r dr (2.4)

1 Freevortex flow

The product of radius and tangential velocity is constant in this flow. This means that
same blade work is transmitted theoretically on each streamline.

V,r=K =onst (2.5)

EulerTurbine Equation;

1

7(p02 - p01) :W(Vq h Vqr]) (2.6)
For neinlet whirl condition;

1

7 Poz = Wq r, =.Mv (2.7)

For inlet and outlet

Using Equation (2.4)

dv,
V,—=%=0 2.8

It is found that ;
V, =const (at all radius (2.9)

As a result from thelmve conditions axial velocity is uniform at inlet and outlet at
free vortex design.

9 Forcedvortex flow

The fluid rotates with constant angular velocity in this flow because of this reason this
flow is called "solidbody" rotation. According to this, igential velocity is
proportional to the radius r.



\—i‘L =K =onst (2.10)

At forced vortex design, the axial velocity is not uniform ateki of the pump. The
derivation of the Ydistribution is more complex than free vortex design.

I Some Remarks on Selection of the Vortex Type in Design of Axial Flow
Pumps

The simplicity of the flow under free vortex conditions is, superficially, veraaive

to the designer and many turbomachines have been designed torctmthis flow,

[4]. Designing according to the free vortex implies that the axial velocity remains
uniform. It also results in uniform loading along the impeller radius from dip t It

is commonly adoptedhiaxial flow impeller design, |4

The blade twist is very high for the impellers which are designed as free vortex. At the
hub, kinetic energy is at its maximum. This means that the static pressure drops
significantly from tip to hub while total pressurever the blade height remains
constant. On the other hand, large amount of kinetic energy has to be converted into
static pressure on the hub of the diffuser blades in order to avoid losses. This means
that the diffuser vags are subject to extreme loading at the hub and should be
designed carefully.

In forced vortex design, the twist of the impeller blades is minimized. Therefore, the
energy transfer and total pressure rise on the hub are lowest.

2.5.2. Partload Operation and Recirculation

Partload operation is the pump working below the best efficiency flow rate. Pumps are
designed fom specfied Q-H values to work in m allowable operation condition, so
there is an allowable operating range. However, for the lowréd@s the blade angles

and pump geometry are not convenient. At partload operation separations and
secondary flows are inevitable. The instability problems 4i Gharacteristics are
observed at low flow rates. There are several studies to stabilize theu@re. The

main cause of instability is the presence of recirculation. Kard&iknd Fraser[6]

are worked on recirculation.

Some information from Karassik's studiesnentioned in this thesis. At certain flows,
generally below that of best affency, all centrifugal pumps are subject to internal
recirculation in the suction and discharge areas of the impeller. The result of these two
phenomena is a great increase in pressure pulsations. It should be noted that the
capacities at which the recidation at the suction and at the discharge arises are not

14



coincidental. Internal recirculation at the suction is most frequently the cause of field
problems. Two factors led to aggter incigénce of problems, [5

1. More pressurds exerted by the user® thave the pump designers reduce
required NPSH values. This could only be achieved by increasing the impeller
eye areas, bringing the onset of recirculation closer and closer toeshe b
efficiency capacity, [p

2. Higher heads per stage and larger pumpacitipsare increasing the energy
levels of individual impeller intensifying the unfavorable effects of internal
recirculdion, [5].

{ = - 7

Figure 28 a: Suction Recirculation b: Discharge Recirculatign [

Fraser explains why a reversal 6w occursat reduced flow ratesThis is related to

the fact that the pressure field not only increases from suction to discharge, but also to
the fact that the total head produced is the sum of the centrifugal head and the dynamic
head. The centrifugal head for anyan impeller diameter and speed is independent

of the rate of flow. the dynamic head, however, is a function of the absolute velocity
that is related to the rate of flow. At some point on the head capacity curve the
dynamic head will exceed the centrifidead. At this point the pressure gradient
reverses, the direction of flow reverses, and the flow is from the dischatpe to
suction of the impeller, [6

The physics of flow recirculation is well explained by Gulift]. Theoretical head in
open formof EulerTurbine equation is given in Equation (2.11).



_Up-U8 W WY

ch
29 29 29

(2.11)

The three terms on theght side of Equation (2.11) h#ee following meaning:

1 H,=UZ U})/(2g) is generated by the centrifugal forces. It depends only
the inlet to outlet diameter ratid, / d, .

1 H,=W> W)/(29 is generated by the deceleration of the relative

velocity. It depends on the blade anglebe tflow rate and possible
recirculation zones having an effect on the streamline pattern.

1 H,=(7 V)/(29) is created through acceleration of the absolute flow. It is
largely converted into static pressure in the collector through deceleration.

H,+H, Y static head component
H, Y dynamic head compon:

Losses in impeller and diffuser

1
Q Qbep

Figure 29 Static and dynamic head components as a function of flow rate[ftio
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The centrifugal head component in the Figu&i®independent of the flow rate. This

is only correct in the domain where no recircaatiat the impeller inlet is present.
The onset of recirculation will block the outer region of the impeller inlet cross section
so that the flow is diverted to the hub. Figuré@shows the diameters that fluid
enters and exits to thmeridional view

»
Ll

Figure 210 Recirculation flow pattern a: Mixed or radial flampeller,b : Axial flow
impeller,[1]

The effective streamlines are shifted and enter the blading on a smaller radius with
recirculation which increases the centrifugal head component. &g ¢component

can be estimated from Equation (2.13) whetg describes the effective diameter on
which the net througfow enters the impeller:

uz-uZ
H, = 2 5 leff (2.12)
g

The theoretical head increases due to the recirculation by the amount:

2 2 22 42 2
=U1 - Uleff _U2 adl dleff

H = <
“ 29 20FE &

(2.13)

ec

According to Equation (2.13), the head comporenised by recirculation increases
with the square of the ratiq/d,.

The important result obtained from these explanations is the gain in head iacrease
significantly with growing specific spegdue to recirculation)lt is known that the

17



axial flow pumps are high specific speed pumps, so this is inevitable that thefEhut
head is high at these type of pumps. Also, the instability at tht dQrve due to
recirculation are prone to happen at axial flow purfjos.an axial flow pump, Figure
2.11 shows he characteristics inside the pump at different flow ralB#scharge

recirculation and suction recirculation are seen at the partload.
(e)

(a) (b) (c) (d)
(c) (d) (')

KL

Figure 2.1l The axial velocity distributions in an axial flow impeller as flow rate
changes,T]

2.5.3. Cavitation
Cavitation is present when the static pressure in a flow locally drops to the vapor
pressure of the liquid due to excess velocities. Cavitation affects the pump
performance significantly. The formation of cavities is a process analogous to boiling
in a liquid, although it is the result of pressure reduction rather than heat addition.
Cavitation causes:

I Performance loss (head drop),

1 Material damage (cavitation erosion),

1 Vibrations,

1 Noise.

Cavitation behavior is typically expressed in terms of cavitgpiarameters.

18



Cavitation number:

S = : (2.14)
~ru
2

Net Positive Suction Head:

NPsH=Pe” B (2.15)

rg
Thoma cavitation number:
S, = NZSH (2.16)

Cavitation Inception and ThreBercent Head Drop :

The first appearance of cavitation is called cavitation inception. When the suction
pressure or available net positive suction hexadlecreased from this inception level,

the region of cavitation enlargesventually starting to cause noise, cavitation damage,
performance change, head breakdown, loss of priming and vapor lock. Figure 2.11,
shows the development of cavitation by decreasing the net positive suction head.

(:;f_ Q = Constant
‘1% {: N = Constant
A i
rrﬁ‘ﬂ\:‘\\.a' Cavitotion Damage
\Y Cavitalion

Three—Percent %
Head Drop

_— \, Inception

E Cavitation %.:i = , P

[55] = "\\ |

T Break=0ff_ \ g

a ™ E :

o |\ = =

k=

o

I.—.

NPSH

Figure 2.2 Total pump head veus NPSH, [8



From a test such as Figure 2.the NPSH required value can be evaluated. The three
percent head drop criteria is the most famous one to use. To avoid the problems
related to cavitation, the NPSH available must be greater than the NPSkedequi
There are lots of investigations on the selection of NPSH available. The NPSH
available margin is important for the pumps.

Suction Specific Speed

Suction specific speed is defined as, in-damensional form;

QO.S
N =W——— (2.17)
(gNPSH,)~
where;
Q :m’s
¥ rad/s
NPSH; : m

But generally the dimensional form of the suction specific speed is used.

0.5
S=n—2 (2.18)
(NPSl_k)OJS
where;
Q :m*h
n :rpm
NPSH : m

Suction specifi speed is defined at the best efficiency point. The numerical value of
suction specific speed is mainly a function of the impeller inlet design. Higher
numerical values of S are associated with better NPSH capabilities. For normal design,
the value of Sd in the range between 7000 to 14000.

Cavitation phenomenon limits the design of pump. It is important to control the
parameters that affect the suction specific spédkde pump at design. Some of them
are as follows:

1 Increasing the impeller inlet digter, increases the suction specific speed. So,
significantly low NPSH values can be obtained by this operation. However,
as explained in section of "péyad operation”, large inlet diameters are very
dangerous for the partload characteristics. They ecdasge recirculation
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zones. The increase of the suction specific speed through lanigahdrefore
limited by considerations of the behavior at partload, [1].

1 Increasing the inlet angles, throat areas and decreasing the number of blades,
increase theuction specific speed.

1 Doublesuction impellers haview NPSH; values (Q;= 2Q).
1 Using an inducer improves the suction specific speed.

Limitation of the suction specific speed

The suction specific speed can be thought as an important design parfigkter
suction specific speed pumps are well for cavitation performance. But, the upper value
of suction specific speed can be dangerous sometimes. Bebmlssuction specific
speeds require large impeller inlet diameters and large inlet angles whiehpd
excessive partload recirculation, can cause cavitation erosion, vibratidnzressure
pulsations.,[1].

At system and pump matcthe pump hato work safely with the NPSH available at
the system. Pumgesign or thesystemsuctionconditionshaveto be checkedhrough

the designThis mainly gives an economical limitation for investment of the system
design and the pump design., 8®se designs have to optimized in economical way.
Some classical problems that anentionedabove,are solved todayPumpshaving

low NPSH required valuesvithout the problem of recirculation can be designed, with
the specific blade shapes obtained by the optimization methods with the help of CFD
2.5.4. Secondary Flows

Secondary flows in the pumps are defined adifierence between the real flow and
a primary flow.

The secondary flowareaffected from:
1 Endwall boundary layer,

9 Blade to blade and radial pressure gradients,

|

Centrifugal force effects,

=

Blade tip clearance,
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1 The relative motion between the tdaends and the annulus walls.
The effects of secondary flows on pump :

i Secondary flows cause difference on blade angles and flow angles so the
performance of the pump changes,

1 Secondary flows cause some additional losses besides the frictional losses,
1 The flow outlet of the impeller affects the diffuser performance,
9 Vibration and noise problems arise due to secondary flows.
Some types of secondary flows are passage vortex, trailing vortex, tip leakage vortex,

scraping vortex, horseshoe vortex, cormertex. Threedimensional vortices inside
and behind the rotor is described by Inoue ldnbumarou (1984), Figure 2.13

CASING WALL
BOUNDARY LAYER
CENTER LINE

F WAKE
, mm FLOW
HUB WALL

BOUNDARY

LEAKAGE VORTEX

SCRAPING VORTEX

LAYER l
SECONDARY
‘ FLOW
STALL VORTEX
TRAI LING
VORTEX

Figure 2.8 Secondary flows, Inoue and Kuroumay ]
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2.5.5. Degree of Reaction

Degree of reaction for a pump impeller ifided as the ratio of static pressure rise to

total pressure rise. The outlet blade angle determines the degree of reaction. Increase
in blade angles cause increase on dynamic head component so the degree of reaction
decreases. Degree of reaction playsngportant role on the efficiency of the impeller

and the pump .

Since the conversion of the kinetic energy into pressure energy in the guide system
after the impeller involves considerable losses, it is endeavor to attain as @igk de

of reaction as pssible, [1(. Higher conversion of the kinetic energy into pressure
energy in the diffuser (adverse pressure gradient) means higher losses.

The degree of reactidor the pumpss cdculated in the design step as Equation 2.19

ro Mo oHon W-W)H/2g W -W (2.19
Hy  Ha U(VGZ_Vd)/g 2U(V27 _Vl)’

2.6. Numerical Analyses in Pump Design

With the developments in technology, Computer Aided Design have become the most
important part of the design process when designing a machine. Beside the
geometrical repesentation of the solid models, the engineering calculations are done
by some codes. For fluid dynamics problems the Neviekes equation solver,
Computational Fluid Dynamics (CFD) codes are developed. These powerful codes are
created to facilitate thdesign process of the hydraulic machines. With the help of
these CFD codes lots of machines have become to be designed and manufactured with
confidence.

There are lots of work® literature base@dn CFD calculationgor pumps. Today,
people use the CFDodes toverify and improvetheir desigs. Comparing with the
numerical results and experiments will also importantdof calibration in different
operatingconditions of a designed pumphe insight of the pump can be analyzed
with the help of CFOor more improvements

Geets (2006) which is Referend®], analyzed the flow inside the axial flow purimp
detail The threedimensional flow field inside the pump is captured by CFD. There
are comparisons of CFD and experimental results of the axial fiawp in his works.

With a sufficient background on fluid dynamics, the CFD can be used as a major tool
in pump desigmy the designer
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CHAPTER 3

AXIAL FLOW PUMP DESIGN

3.1. General Information About Pump Design

Pump design begins with the parameters which are capacity, Q and haasing.

these parametersotational speed, n is determinégl considering the system also

The first task in pump design is to determine main dimensions which are the inlet
outlet the diameters and blade angles. To decide these dimensions and other main
parameters that affect the pump design, some methods have been developed. To date,
several pump has been designed by using these methods and they are working well.
These desig procedures are described in the literature which are covered in the books
of Gulich[1], Pfleidereff11], LazarkiewicZ10], Stepanoff3]. In this thesis an axial

flow pump is designed with the help of these design proceduites.impeller is
designedon the basis of aerodynamic theory and the blade profiles are chosen by
considering the desired parameters.

3.2. Hydraulic Design of the Axial Flow Pump
3.2.1. Impeller Design

To achieve the highest possible efficiencies for an impeller, designers|otakd
experimental investigation§.hese investigations include the influence of parameters
that can Hect the performance of impeller. T$éwparameters ardnlet and outlet
diameters, angles, number of blades, length of the blades at differéohsedtt.

Pump design methods exist to decide the optimum values of that parameters to
achieve the desired performance, preliminarily. CFD integrated design is highly
attractive and easy way to verify or improve the performance of piomghe
designers nowadays In this thesis, after using the basic design methodologies,
available for the axial flow pumps, the CFD calculatians performed. In order to
obtain the desired design parameters and improve the efficiency of the pump, several
changes ardoneby using the results obtained by CFD.



Axial flow pumps are designed by using the following methods;
1 Onedimensional flow method
1 Aerodynamic method
The preliminarily calculations for an impeller design is based ondanensional

flow method. As the Eel-turbine equation, the theoretical head for the pump is;

Hy = 2az” U (3.1)

Hican be written as :

U 2 U 2 W2 _W2 V2 VZ
" -2 1 + 1 2 +2 1 (32)
g g g

H

3.2.1.1. Aerodynamic Method

Axial flow pump design method is different than the mixed and radial flow pump
design method. The blade outlet angle increases with the specific speed.ubBks ca
increase in the relative velocity of flow, than, the friction losses increase
unfortunately. For this reason, the blade surface area and the number of blades must be
reduced. For designing high efficiency axial flow pumps, a method which is called
"aerodynamic method" is developed by W. BAUERSFELD in 1922. This method
establishes a connection between the lift coefficients of airfoil test data and the
impeller total head. In this design method, suitable airfoil profiles for several radii of
the impellerare selected.

3.2.1.2. Calculation and Selection of Main Dimensions

As previously explained, flow rate, head and rotational speed is the main parameters
for design of the pump. By using these parameters, specific speed is calculated.

The nondimensioml form of the specific speed;

N, =W——= (3.3)

By using the specific speed, dimensionless coefficients are selected. These numbers
are as follows
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I Head coefficient
y == (3.4)

1 Flow coefficient

.V
=_'m 3.5
/ U, (3.5)

I ThomaCavitationnumber

_ NPSH
Sty = H

(3.6)

These coefficients must be selected such that the specifiedshaedieved and the
pump caroperatesafely with the specified NPSH

3.2.1.2.1. General Assumptions
Inlet Flow

For the inlet flow, neinlet whirl condition is specified. This makes the inlet flow
angle, a, =9¢°

For nainlet whirl condition ¢,,=0) , Eulerturbine equation becomes;

Hy =222 (3.7)
g

Vortex Assumption

General information about vortex is given in the chapter of "vortex motion".
Generally, die to simplicity in calculations th#-reeVortex design" is selected. By
this design, the following results are obtained, as explained previously:

Vqr =const

V, =const (at all radius
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Freevortex design can be called as constant angular momentum at all sections.
Efficiencies

In order to definghe overall pump efficiency, the three independent efficiencies must
be known. These efficiencies are hydraulic, volumetric and mechanical efficiencies.
Overall efficiency is the product of these three efficiencies.

Hydraulic efficiency is related with the hydraulic losses inside the pudegigners

try to minimize hydrauliclosses in order to obtain high efficiency pwsnghe
achievable values for varying specific speed is given in literature. These values can be
used for tle first calculations of the desigfihe desired hydraulic efficiency used in

the calculations should not be different from the real value of the pump (obtained from
CFD or experimental tests). If the efficiency does not match with value that is used,
the design is changedy this iterations the final geometry of the pump can be
obtained.The theoretical head value calculated in Edlerbine equation should be
evaluated considering the value of hydraulic efficiency. The definition of the
theoretical heat :

H
H,, :h_h (3.8)
The predicted volumetric efficiency should be considered in the design calculations.

As hydraulic efficiency the volumetric efficiency can be determined from CFD, too.

Flow rate brough the impeller:

1 Q

== 3.9
Q A (3.9

Mechanical efficiencys not used in the hydraulic design calculations. It is assumed to
predict the overall efficiency of the pump.

3.2.1.2.2. Head Coefficient

With detemining the head coefficienthe outlet diameter of the outer streamlise
determined. The value of the head coefficient is limited due to higher hydraulic blade
loading unstable characteristics at theHJcurveand cavitation performanaaf the

pump The higher values of the head coefficiar@in be achieved but theQ-H
characteristics of the pump becomes unstable and the @Bk increases, [1]. For

this reason the higher values for the head coefficient is not recommended. On the
other hand it shodl noted that the lower values of the head coefficient means that
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large pumps. So, the selection of the head coefficient parameter which determines the
size of the pump is important for the design of the pump.

The head coefficient can Iselectedaccordingo Equation (310).

— gH é'nq,Ref 1.6.}4
_U—220 =O.l45fyé£? 8 Qrer 28 , [1]. (3.10

In this equation, f, =1 condition gives the maximum head coefficient value to be

selected. If cavitation must be optimized, larger illepeliameters are required; the
head coefficients and the constapt must be reduced accordingly.

3.2.1.2.3. Flow Coefficient

For a selected outer diameter, the flow coefficient determines the meridional velocity
at the outerstreamline. Generally, the free vortex design is used. According to free
vortex design the meridional velocity is constant at all radius. So, the flow area can be
determined by using the flow coefficient. This means that for the known outer
diameter theriner diameter of the pump is determined.

The flow coefficient can bselectedaccording to Equatio(8.11) and (3.12.

. V. a Ja a B
Vo 2 & S . 311
AR iR S I @11
where,
o 26
a=2.82§i5 ¥ [ (3.12)
58 °

3.2.1.2.4. Hub to Tip Ratio

Like the relative outlet width Jd, of radial impellers, the ratioi/d, is a very
important design parameter which has an effect on the efficiency and the blade twist at
the impeller inlet and olgt, [1].

When selecting the hub ratio, some criteria should be consjdered

1 The blade outlet angle on the hodg; should be less than 9¢1].



1 The deceleration ratio of the relative velocity on the hub should not be below
an allowable value, i.8\, /W, 2 0.6, [1].

1 In a swirling flow, a core of stalled fluid is formed when the diameter ratio
drops below a specific limit. The criterion for core stalMg/V,, 2 1, [1].
For freevortex design this leads to the condition given below

4,y
e (3.13)

3.2.1.2.5Calculation of NPSHg

According to [1], a simple equation to predict the NPSH required is given. Cavitation
coefficient and the NPStare afined as EquatiofB.14) and(3.15):

Sne =014 #1147 27 | [1]. (3.19)

By using the value of flow coefficient, Equati@B.14) is calculated. By using the
value obtained from Equatiof8.14), the NPSH can be calculated from Equation
(3.15).

_ .Y
NPSH, =52 [ (3.15)

This simple correlationare not enough to predict the NPSef the pump. But, the
relation between NPSHand the flow coefficient, so the inlet flow angle, can be
understood from these empirical formulations. As the flow coefficient increases the
NPSH; takes the high values. Cesequently, the bad cavitation characteristics are
obtained.

3.2.1.2.6. Selection of Inner and Outer diameters
Considering values of head and flow coefficients, the diameters are selected. Hub to

tip ratio is calculated and the criteria explained foesidn of hub ratio is checked.
Peripheral velocity at the outlet:

d, n
U20 :Wr20 _p"G—Z(; (316)

The outer diameter is selected, than the head coefficient is checked.
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Inner diameter can be selected by assuming the ratio or calculating the flow

coefficient.

The meridional velocity:

Y/

m

>|Q

where,

An:

IS

(¢ )

(3.17)

(3.189)

For selection of these main dimensions tiguFe 3.1, which is plotted by using the
equationgiven beforecan be used.

06 ~-
0.5 = ~
~. . d di/d,
0.4 L e ~. .
"'"h:.:'.-_._h Bl —
03 ‘\_:__..:_ - (P T -
02— e — _—
1} B

o1 - e

0

150 200 250 300 nq 350 400

Figure 3.1 Selection of head, flow coefficients and hub to tip,fdtjo

3.2.1.2.7. Velocity Triangles

After selection of inner and outer diameters, the peripheral vliscttalculated. The

net area of the flow is calculated. This determines the net meridional velocity. In
literature, most calculations for the meridional velocity are calculated without

considering the blade blockage. Without blockage the velocity triarigtethe inlet

and outlet is obtained as in kig@ 3.2 For an axial flow pump because of the
geometry of themeridional viewthe axial velocity can be used instead of meridional
velocity. Theoretically, the radial component of the flow is consideredras z
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The meridional and the peripheralTheel oci ti es

outlet triangle is determined using Eutarbine equation.

The Vy 4s calculated. This calculation determines the outlet flow angle.

A
/ N\,
e ™
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w, <
4 L oV, \V
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W
\ - - \\
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B [ a, /N
| ! i [
Wya VGE
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Figure 3.2 Velocity tangles at the inlet and outlet
For the axial flow pumpsnlet and outlet diameters can be takentasJ,=U..
3.2.1.2.8. Calculation of Inlet Flow Angle

As the inlet and outlet diameters, the inlet flow angle has great importance on
cavitation and paikad characteristics of the pump. For a selected rotational speed,
after choosing the flow coefficient the inlet flow angle is obtained. According to [1]
the best cavitation characteristic ar e 0 h=t1Gto IP.eTHe laager thb approach
flow angle, the higher will be the flow rate at which théd@urve becomes instable,

[1]. Such instable characteristics limit the operating range of the pump.

3.2.1.2.9. Incidence

The incidence ale is the difference between inlet flow angle and blade angle.
Generally, blades are designed with an incidended2grees at the best efficiency
point. Increasing the incidence angle causes flow separation so this angle should be
minimized. The zero indence means the flow angle and the blade angle are same.
This case is called as shockless entry.
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Pressure surface

uc:tion surface

Figure 3.3 Blade inlet angle, flow angle and velocity

The flow rate at the shockless entry condition with respect best effjcieow rate
affects the pmp Q-H characteristics. Especially, the cavitation performance of the
pump changes with the incidence angle. Besides the cavitation perforniamce
instabilities at the partload and the onset of the recircularerdependent on the
incidence angle.

3.21.2.10. Calculation of Outlet Flow Angle
The outlet flow angle of the flow plays and important role on the head of the pump. As

previously assumedhe inld has neinlet whirl condition. Thereforehe Eulerturbine
eguation becomes:

H,, = 2Vg2 (3.19
g

Using the velocity triangles, the flow angle at the outlet can be derived as:

tanh, = (320
u,-V

q2

In Equation (319) , it can be seen that the head depemds,@and V; ; After selection

of head coefficient the s determined. This selection for a chosen hub to tip ratio (or
flow area) determines thes\value. These step brings the designutiad flow angle,
Equation (30).

The vortex motion selection determinghe blade twist. For freeortex design the
flow angles at the hub takes higher values than at th&dlpction of impeller inlet

and outletdiameters (hutbo-tip ratio) or the vortex typedetermine the blade outlet
angle variation from hub to tigFlow separations increases with the blade angles.
Because of thiseasonthe selection of the main dimensions and vortex type should be
done carefully.



3.2.1.2.11. Deviation Angle

It is the fact that if the pump blade outlet angle is constructed as cattulith the
Equation (319), the head generated will not satisfy the design head. This is caused by
the deviation angle existing in the nature of the pump. Deviation angle is the
difference between the blade outlet angle and the flow angle. In radialieed flow
pumps the deviation between flow angle and blade angle is called as slip factor. In
order to predict the slip factor of that pumps, some empirical correlations are derived.
However, br axial flow pumps, no need to use such correlations becduse/ing a
different design procedure of axial flow pumpdsing airfoils at the blade profiles
ensures the design point and the deviation angle can be calculated or checked after the
construction of the blades. CFD is very valuable to check the flovesigfter design
calculations finish, the pump is tested in numerical environment, if the specified head
is achieved at the specified flow rate. This means that the true airfoil and the true
outlet angles are selected.

3.2.1.2.12. Selection of Impeller Bde Number

The optimum number of blades decreases with increasing specific speed. The
optimum blade number is determined by the blade loading so that the final selection
has to verified during the blade design process. [1] Table 3.1 is useful to select th

blade number of impeller.

Table 3.1 Selection of impeller blade number at different specific speeds, [1]

Ns 2.61t03.3 3t044 | 4.1t055 >5.5
Zimp 5 6 7 4 3 2

3.2.1.3. Blade Design

3.2.1.3.1. Relationship Between Lift Coefficient of the Bladee®ion and the
Design Parameters

The swirl distribution at the impeller outlet determines the blade twist. Calculations in
this thesis is based on fregertex design which means that the same blade work is
transmitted on all streamlines and the axial vé&joover the radius is constant. Other
swirl distributions can make the axial velocity distribution Homiform.

Several streamlinescylindrical or sphericalsections) are defined on which the

calculations are performed to obtain the flow angles for daoheter. Generally, the
meridional area is divided into 4 to 8 of equal area.
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For nainlet whirl condition, a typical inlet and outlet velocity trianglegh Wy and
bp are plotted in Figure 3.4b.

Voo Voo
2 2
|
W 2 W
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- B,
B Woo np Voz N
u

Figure 3.4 a: Elementarings b: Velocity Triangles at inlet and outhdth Wp and
b

When designing the blades as airfoitee tmean approach flow velocityg/dnd angle
bp must be defined. These parameters are defined as at the Figure 3.4b and can be
calculated as:

a
&
b, :arctargei (3.2)
@) - 2
o 2
-V \—’; : (3.22



Chord line

Figure 3.5 Forces acting on a blade section

Figure 3.6 Radial section of the im[mel

From Figure 3.5 it is seen that two forces, L and D are acting on the blades whose

resultant is R. The small angle between R and L is called the sliding &reyhel, is
obtained by;

tan/ :% (3.23)

Consider elementary rings of radius r and width dr Figure 3.6, the elementary
discharge is obtained as:

dQ=2prdrV, =zsY, di (3.29)
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where z denotes the number of blades and s the pitch at therradius

The elementary power:

dP=rgdQH, =rd zsy dr H (3.25)

On the z elementary rings of width dr, the force zdR acts; it is component in the
direction of impeller motion is:

The tangential force on the blade :

dR, = zdRos(90 -, +/)) =zdRin( b + (3.26)

The elementary power :

[dP= zdRsin(b, +)U (3.27)

Using Equation (32 and Equation (3.2,

_dRsin(b, + HU

H. = 3.28
" rgsV, dr (3.28)
=dL
Recall that dR= cos( ) (3.29
Lift Coefficient :
W2
dL=C.r 2 cdr (3.30)
W2
C..—=.csin@, + HU
H, =— 2 (3.31)
g.sV, cos( )
Rearranging the Equation (3)3
Flow Deflection Coefficient:
¢, &= 2P 05| 1y (332)
s W-Usin(b,+ /)
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3.2.1.3.2. Selection of Solidity

The product of the Cand c/s is calcated by using the Equation (3)3®ne of these
two quantities must be selected so that the second onbecaalculated. Solidity at
the outer streamline can be selected by using the Figures &fumction of gecific
speed.

2.0

1.5 ™\

S

1.0 B

\\\

0.5 —

cls

0
100 150 200 250 300 n, 350 400

Figure 3.7 Selection of c/s for outer streamline(solid[t),
Airfoil profiles are selected according to the "Profile seleltamction.
3.2.1.3.3. Properties of Airfoils

As mentioned previously, the axial flow pump blades are designed using the airfoils.
An airfoil has a camber line and the profile of the airfoil is obtained with a specific
thickness distribution on the canmmbime. The upper (or suction) sade and the lower

(or pressuresurface describe the fiil. The chord of the profilés used as reference
axis or xaxis. The dimensions for an airfare based on the profile chord length.
Some geometric parametersiethinfluencethe flow characteristiover the airfoilare
maximum thickness ratioy./C), relative thickness positiorx/€), camber and its
position on the profile chord, nose radius, shape of the camber line.

The chord length and the maximum thicknesan airfoilaredefinedin Figure 3.8.

ymax y

X

c

Figure 3.8 The chord length and the maximum thickness of an airfoil

38



When flow moves around an airfoil, it exerts a force R. The components of the this
force are known as Lift and Drag forces. Lift force L is tomponent normal to the
approach flow direction. Drag force D is in the direction of the approach flow.

Lift, drag coefficients, and pressure distribution determines the flow characteristics of
an airfoil. These coefficients and pressure distributiepethd on angle of attack.
Angle of attack is the angle between the direction of the approach flow velogity W
and the profile chord.

The angle between the lift and the resulting force R is called "sliding ajagle" T h e
rati o U=t a n aolifi ratio" fTreerdragtadift ratio ofacgmmonly used
airfoils is in the range of 0.01 to 0.04 depending on the angle of attack. It can be seen
as a measure for the hydraulic quality of the profile, [1].

) ¥

Laminar separation '_:-p~ 2 T i
SR Y G

Turbulent re-attachment

Laminar boundary layer Turbulent boundary layer

Separation
X ol Ok, 1B :l o
— )‘

Boundary layer transition from
laminar to turbulent

Figure 39 Flow around an airfoil, [1]

As seenifom the Figure ®, a stagnation point is formed near the leading edge when
the airfoil is exposed to the undisuted approach flow velocity Wunder the angle

of attack. With the increasing angle of attack the stagnation point moves away from
the edge.

The boundary layer is laminar near the nose of the airfoil. After a specific flow path
length it becomes turbulent. Reynolds number, theuterize of the approach flow

and the roughness effect this transition. When the deceleration is too high, the
separation starts and the wake is formed by the boundary layers and stalled fluid,
Figure 39.



The pressure distribution on the airfoil is impottdhdetermines th forces acting on

the airfoil. The pressure distribution can be used to understand the cavitation
performance of the airfoil, too. With increasing angle of attack pressure minimum
point moves closer to the leading edge of the airfajure 3.10

Pressure surface

— — — — Suction surface

c, 06
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Figure 3.1CPressure distribution on airfoil NACA83 15, [1]

The airfoil profile coordinates and the coefficients are given in airfoil catalogues and
manuals based on measurements and calculatioese Hine several codes that give
propeties of the standard airfoil profiles and can generate new airfoil profiles such as,
"XFOIL" and "Profili". In this thesis the "Profili" program is used. The properties of
the selected profile is used in the design calculations and the blades are cyeated b
usingthe coordinates given in the program.

The lift coefficients are often presented in "profile polars" as a function of the drag

coefficient. A line drawn from the coordinate origin to any point on the curve
represents the dimensionless resultartd@cting on the profile with the components
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of lift and drag, [1]. In the design step, the main objective is selecting an airfoil that
satisfies the calculated or selected lift coefficient value at the design point. At the
same time, the drag must be imiam. Dragto-lift ratio determines this
characteristics. For an optimum sliding angle or minimum loss, the tangent from the
origin to the polars can be used, but as mentioned above, the codes are very useful for
this operation.

The angle of attack valuef the airfoil profiles are read from the plot of the lift
coefficient versus angle of attack. With the increase in angle of attack the lift
coefficient increasegoo. Just prior to the onset of stall the airfoil gets the maximum
value of lift coefficien. From that point the lift coefficient falls severely.

Influence of the airfoil parameters on the aerodynamic coefficients are listed below;

1 The maximum local velocity increases with the thickness.ratio

1 With increasing thickness ratio,y/c the magitude of ¢y, consequently
increases

T When the relative thickness position x/c is increased, the location of the
pressure minimum and the transition laminar/turbulent are shifted further
downstream.

1 If the curvature gets stronger, the lift and the nitaigie of G, increase.

1 The minimum drag coefficient is reached when the flow approaches in the
zerolift direction. The drag increases with the thickness ratio.

1 The location of the resulting force (neutral point) is in the range/ofR.25
to 0.28.

1 There is a linear relationship between lift coefficient and the angle of attack.
This allows an approximate formula;

C, = ayrgax o (3.33

The gradients b of many profiles are within the range of b=0.0®1tb, [1]. With
multiplying the ycoordinates of the profile geometry with a constant factor a new
profile can be obtained. By this operation the lift characteristic of the profile can be
calculated by the Equatidf3.33). In this equation the constantsaad b are known.
After decidingthe lift coefficient value they/c is calculated with this equation.
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The lift and drag coefficients depend on Reynolds number. The Reynolds number can
be calculated as;

Re= (3.34)

The pumping of water is in turbulent flow regime. The flow characteristics of the
airfoils should be evaluated at this flow regime.

3.2.1.3.4. Profile Selection

According to the theory of thin blade sections, the lift is directbpprtional to the
camber of the profile, [1]. After selection of main dimensions and calculatiopced,C

the desired lift coefficient is determined. At this step, the appropriate profile is
selected for the desired lift. The effects of the thicknesstledhape of the camber
line of the profile is important in selection. Some criteria of selecting an airfoil profile
are listed below.

1 The thickness distribution and the camber line both determine the pressure
distribution, [1]. The pressure distributiois important for cavitation
characteristics of the pump. For a good cavitation characteristics the
maximum thickness position is sufficiently far away from the leading edge.
Increasing the c increases the risk of flow separations at the rear of the
profile.

1 Shaping the camber line as a circular arc is unfavorable because such profiles
are sensitive to excessive incidence, [1]. A profile which has parabolic camber
line should be selected.

1 Although sharp profiles promise minimal losses in shocklessoapp flow
(which would be favorable at best efficiency point), they are sensitive to
incidence and unsuitable in terms of partload and cavitation characteristics,

[1].

I For a good efficiency and cavitation characteristics the profile thickness is
usudly not selected larger thapg/c= 0.15 to 0.18, [1].

1 The profile thickness has to increase from tip to hub for mechanical and
hydraulic reasons. As previously mentioned, the profile thickness coordinates
can bemultiplied by a constant factdor generatig a new airfoil having
desired thickness
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3.2.1.3.5. Airfoil Database Program: "Profili 2.0"

In this thesis the airfoil characteristics are obtained by using a commercial code of
"Profili 2.0". The suitable airfoils for the design are selected anddbedinates of

them are used. The airfoil database looks as Figure 3.11. From that database any
profile can be selected and the lift, drag characteristics and the pressure distribution
over the profile can be obtained.

Airfoils management - Pro

Management Import Export Process Polars  Ribs-templates  Genius

List of airfoils found in database: Selected airfoil :

Name | Nate

MNACA 2R112 USa

HACA 25411

NACA 23012 Generato da Profil

NACA 23012 12% <:>
NACA 23016 Generato da Prafil

NACA 24017 Generato da Profil
HACA, 2403-34 Generato da Profil

I 10 Generato da Profil
NACA 2412 Generato da Profil
NACA 2413 Generato da Profil
MACA 2414

NACA 2414- Mod, - Mad.

NACA 2415 Generato da Profil

NACA 2H-15 - Filter by name > | [WaCa

NACA 33012 Generato da Profil

MACA 4415his Generato da Profili Filtzr by parameters [advanced)
MHACA 4-H-12.4 USé
NACA B-H-10 Show airfoils similar to the selected one....
MACH B-H-15
MACa 5-H-20
NACA B3(2)-215 MOD B - Begin printing a rib or & template for the selected airfoi
Viara caoa

4 [ [

Alphabetical sorting - 170 aifoils in list ¥ Enable Geniug Exit

Maw thickness 10.01% at 29.8% of the chord
ttax camber 1.93% at 41.0% of the chord

Figure 3.11 Profili 2.0 airfoil mnagement

The maximum thickness position and the maximum camber of the profile is seen in
Figure 3.12.
[t oeres S ==

S

Name : |NACA 53212

Note |

Max thickness 12.00% at 35.1% of the chord

It ax camber 1.10% at 50.0% of the chord

Leading edge radius 0.8497%

Trailing edge thickness 0 0000

26 cooidinates on the upper suface

26 cooidinates on the lower suiface

0 precomputed polars in Db

Figure 3.12 Airfoil preview



The coordinates of the airfoil can be exported with format as Table 3.2.

Table 3.2 Coordinates of a sample airfoll

NACA65-010
X YIower X Yupper
0 0 0 0
0.005 -0.00772 0.005 0.00772
0.0075 | -0.00932 0.0075 0.00932
0.0125 | -0.01169 0.0125 0.01169
0.025 -0.01574 0.025 0.01574
0.05 -0.02177 0.05 0.02177
0.075 -0.02647 0.075 0.02647
0.1 -0.0304 0.1 0.0304
0.15 -0.03666 0.15 0.03666
0.2 -0.04143 0.2 0.04143
0.25 -0.04503 0.25 0.04503
0.3 -0.0476 0.3 0.0476
0.35 -0.04924 0.35 0.04924
0.4 -0.04996 0.4 0.04996
0.45 -0.04963 0.45 0.04963
0.5 -0.04812 0.5 0.04812
0.55 -0.0453 0.55 0.0453
0.6 -0.04146 0.6 0.04146
0.65 -0.03682 0.65 0.03682
0.7 -0.03156 0.7 0.03156
0.75 -0.02584 0.75 0.02584
0.8 -0.01987 0.8 0.01987
0.85 -0.01385 0.85 0.01385
0.9 -0.0081 0.9 0.0081
0.95 -0.00306 0.95 0.00306
1 0 1 0

Sometimes original form of the seked airfoil needs to be modified. For examgie
maximumthicknessof the original profile needs tbe reduced and the trailing edge
must be thickened for mechanical reasons. This program allows the modification of
the selected profile. The flow chatagstics of the new airfoil can be calculated and

the new data can be used. The modification of the thickness can be seen in Figure
3.13. The maximum thickness is reduced from% Qo 7 % of the chord without
changing the maximum thicknegasition
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Airfoil processing |

Airfoil name : |NA85-U1 0- Mod.

S ——

Original: max thickness 9.99% at 40.0% of the chord, max camber 0.00% at 0.0% of the chord

llodified: max thickness 6.99% at 40.0% of the chord, max camber 0.00% at 0.0% of the chord

THICKNESS change CAMBER change ¥ axis deformation :
Upper(z: |30 j ‘ = From (%) : [50 j
Lower(): [30 T/ e B
] ]
0.00% camber at 60% of the chord
I Drow gl on K > o Corce

Figure 3.13 Airfoil processing

The trailing edge modification is shown in Figure 3.14. The desired thickness at the
trailing edge and the blending value are selected. The program automatically generates
the new form of the profile. In Figure 3.14 the trailedge thickness is specified 2s

% of chord.

New airfoil name: |NA55-DW 0-TE
New aifoil note |
Airtoil chard length: 100.00 mm
Original T E. thickness:  [0.00 o
New TE. thickness: El (D
Blending value: 100 mm  [the length of the modification on the % axis of the airfoil]
W Apply ok I Cancel | N
= e e e e e e

Figure 3.14 Airfoil modifying trailing edge thickness

These features are used in the design process of this thesis. Other features of this
program are used for the wing design. Using the standard aofmitinates and flow
characteristics of them and modification of the selected airfoil are the most important
features of the program and useful for the thesis.



The flow characteristics of some airfoils :

NACA 65-010 (symmetrical profile)
< i
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Figure 3.15 NACAG6510 flow characteristics
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GOE 387 (Gottingen Institute profile)
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Figure 3.16 GOE 387 flow characteristics
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3.2.1.3.6. Creatinghe Blade Geometry

In this thesis, an axial flow pump design procedure is developed. After the preliminary
calculations, the appropriate main dimensions are chdeearder b achieve the
desired head at the specified flow rate with a high efficietiey airfoil profiles ae

used in the design procedurEhe calculation procedure to select the appropriate
profiles is given irprevious sectionef the thesis. Thredimensional geometry of the
blade is calculated with the help of Microsoft Excel. Sometamhdil macros to select

the airfoil and perform the calculations easily. €hoates and the diameters coming
from the design calculations are used to create the 3D geometry of the blade. In order
to performthis, solid modeling is suitable. 3D coordinatésthe blade sections are
imported to the Autodesk Inventor. However, this process takes long time. In order to
import the 3D coordinates to the Inventor easily, additional macros are created. This
macrossignificantly drops the design period. Sample bladctions are given in the
Figure 3.17. The thredimensional final form of the blade sections are given in the
Figure 3.18.

Figure 3.17 Sample blade sections

o

Figure 3.18Threedimensional bladeegtions
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3.2.1.3.7. Variable Pitch Impeller Blades

Generally, pumps are designed as they can operate in a rang€yQ<Qmax IN
general,companies givethe operational rangeof their pumpsto the customers.
Sometimes, the system needs to change the marfprmance there are different
methods such asimming method,[12]. In practice trimming is used for radial and
mixed flow pumpswidely. For axial flow pumps trimming method can not be used
because of the meridional shape of the pump. There is netiadifference between
inlet and outlet. Some methods like reducing the blade leargthsed buthese are
not a practical solutian

In axial flow pumps, variable pitch method is very attractive for the desigmershe
userfor obtaininglargeoperaional rangewith high efficiency The hub and tip of this
types of impellers argenerally spherical type. Hub and blades are manufactured
separately. Blades are assembled to hub. The spherical geometry allows to rotate the
impeller blades in the horizortaxis without separated from hub and casing. So, the
clearance between bladesth hub and blades with casing remaiconstant at all
positions. The velocity triangles change with this operation. Therefore, the best
efficiency point changesfor different blade positions Unfortunately, the same
efficiency can not be obtained courseat all position of the impelleBut the results

are very reasonable to use this kind of method. In literature, abdot 5 degrees
position adjusting is used with condéidce. Exceeding these degrees may cause
efficiency drop because of the impeller itself and inconsistency with the stationary
diffuser blades.

Too high degrees cause very high blade loading which means that it triggers the
separations. Frictional lossesas due to high velocities. The NPSlthkes its
maximum values so the NPgHasto bechecked These hydraulic changes created

by the blade adjustments havebicontrolled from the mechanicside of the design,

such as; stresses on the other parts gp@fiects, etc.

Too low degreepositionswhich are low flow rate and low head conditiertan be
dangerous from the recirculatigooint of view. Pressure side cavitations can be
observedby recirculation andhis problemlimits operatioml range for lower angle
positiors.

The designed pump in this thesis has variable pitch blades. For the variable pitch
blades design calculations are done considering the spherical geometry of the blades.
Spherical geometry provides blade position adjustment. The arisop of the
cylindrical and spherical designameetries are given in Figure 3.19



Figure3.1% Cylindrical desigrffixed blades)

Axis of blade
position
i ,‘j adjustment

Figure3.1% Spherical desig(variable pitch blades)
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An example of variable pitch pump performance is showRigure 320. With this
work it is shown that operational range can be arranged about 300 I/s to 400 I/s
without losing the efficiency significantly. In Table 3tBe best efficiency points are

given for this work

Flow rate O/ 1s!

11 D-=300mm,»n=1450r/min
10
9 N \"'-...‘ —
8 > <<~
‘-§ 7 0% f ‘><u=.\ b"'&.
o NS o
T 6 B N L
b= 5 : 300
[T 75%
T4 N o 0%
3 S ~N D
) NN\ .
\ \ q \n n\‘
1 —AP =2 0 +9°+4
250 300 350 100 450 500

Figure 3.200verall performance cues of the model pump, 31

Table 3.3 Best efficiencgoints at five blade angles, [[13

Cavitati Specifi
Angle Flow rate Head  Efficiency :;elc? f_:zm :;;(;C
D/(° /s™! H /% )
© ors m e speed  C 1
+4 392.64 7.130 86.05 863 760
+2 381.47 6.678 85.58 926 796
0 365.81 6.430 85.29 1 008 793
-2 345.32 6.408 85.20 1 089 772
—4 328.89 5.989 85.06 1 398 793
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As can be observed from the results in Figure 3.20 and 3.21, when the stagger angle of
the impeller is increased the following results are obtained.

1 The merdional velocity component increases which means that the pump will
operate at higher flow rates.

1 The tangential component of the absolute velocity at the outlet increases
which means that the theoretical head increases for the same peripheral
velocity.

I Because of the best efficiency point of the pump goes to higher flow rates and
head the power and the NPQlof the pumpincrease.

1 The efficiency value of the pump e®not change unless high degree change
are done.

As a result, the blade adjustmenbyides large operational range without efficiency
loss.

3.2.2. Diffuser Design

The diffuser is an important part of the pump. The impeller can not operate without a
diffuser. It provides to use the energy at the outlet of the impeller with minimal .losses

The main goal of the diffuser is deceleration and guiding the flow exits from the
impeller blades. Some additional losses coming from the diffuser channels due to
deceleration of the flow decreases the overall pump efficiencies. Beside,dhghis
diffuser affects the impeller perfoance, especially, at the dagad operatiordue to

the interaction with impellefThe fluid velocity at the exit of the impeller is extremely
high and has a component in circumferential direction. At the difftissrvelaity is
decelerated and the circumferential component of the velocity is reduced to zero to get
a velocity with only axial component at the pump exit. Because any swirl at the pump
outlet imply additional losses for the system.

If a diffuser is designeds airfoils,good efficiency is obtained1]. Due to some
reasos such as cost and manufacturing difficulties, generally, the diffuser blades are
designed by using the classical methods. In this thesis, the diffudesigned with
unprofiled vanes.
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Figure 3.4 Diffuser flow

Velocity and flow angle distribution at the diffuser inlet are also afflicted with some
uncertainties, [1]. From the complicated flow at the hub and shrthed flow
separations are dangerous. And ttda not be calculated by the inviscid calculations.
For a good efficiency the diffuser must be optimized carefully. The CFD tool is very
useful to do this.

The general calculations for the diffuser is explained below:

1

)l

The absolute velocities and flow glas at the impeller outlet correspond to
the values at the diffuser inlet, since radii as well as cross sections are
constant.

The number of blades are selected according to the Table 3.4.

Table 3.4 Diffuser blade number selection according to impaele number and

specific speed, [1].

Ns 2.610 3.3 3t04.4 | 411055 5.
Zimp 5 6 4 3 2
7 8 7 5 5
Zai 8 11 10 9 7 7
9 13 | 11,12 11 10 9




1 To limit dynamic blade loading and pressure pulsations a distance of a/c=0.05
to 0.15 is required betwa impeller bhdes and diffuser bladegl]. This
distance can be optimized by using CFD.

1 To limit the friction losses in the column pipe and the outlet bend, the flow
velocity in the column pipat the outlet of the diffuser have to be limited so
the amular cross sectiof the diffuser is determinedccording to this
limitations, [1].

1 Theoretically the outlet angle is Y¥ut it is advised that 94 to 96

1 After determining the velocities and angles at the inlet and outlet, the blade
geometry is detenined by the result of the velocity distribution selected for
the design. The sudden velocity drop should be avoided when selecting the
velocity distribution.

3.2.3. Inlet and Outlet Elements Design

The Suction Bell Design:

The mechanical function ohé suction bell is to support the bearing housing and
provide a method of attachment for thection pipe or strainer, [14The hydraulic
purpose of this suction bell te increase the velocity gradually before impeller inlet.
The hydraulic passageway tife suction bell is simple. A controlled area change is
enough for the purpose.

In this thesis, the impeller is designed asesigal geometry. The impelléras hub and
cap so there isot support at theuction bell

A conservatively designed highesgfic speed pump has a suction bell diameter large
enough so that the inlet velogits from 1.4 to 1.5 m/s, [14The suction bell diameter

at this design is selected as 1800 mm.

maximum flow rate is about 700slwhich means 1.32 m/s velocity at the inlet of the
suction bell. The area distribution from inlet to exit of the suction belljastedas
the velocity increases continuously

Discharge elements :

Flow rate of the pump determines the discharge elenfdischarge column pipe)

The diameter of the column pipe after diffuser is selected using the flow rate. In this
t hesi s, t he di ffuser exit di amet er i s
design operation and the maximum flow rate which meaBsn8s and 4.4 m/s
velocity at the discharge column pipe.
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3.3. Structural Design of theAxial Flow Pump
3.3.1. Shaft Diameter Selection

Shaft diameter is selected by calculating the shaft stress from t&guegjon (3.35).

d, = 3/% [cm] (3.35)
torsion

where

Py is thetransmittedoowerin H.P, ¢ is the permissible torsion stress in kP&/lcm
Py is calculated by multiplying the shaft power with power margatble 3.5

R, =gR (3.36)

Table3.5Power margins for different shaft powgf$5]

Ps (kW) g
Shaft Power Power margin
Ps<1.5 1. 419
1.5<R<4 1. 2 5149
4<P<35 1. 15128
35<R 1. 1<&.15

Although the shaft stress from akiaad (tensile stress)s significant for vertical
turbine pumps, it has a small effdéot the shaft calculation$l14]. For this reasarthe

Equation (3.35) can be taken the criteria to select the shaft diameter. For lower safety

factors the more detaill calculationgan be don@ order to select the shaft diameter.

3.3.2. Axial Thrust

The axial component of the lift forces acting on a blade can be integrated over the

blade heigh The approximate calculation at Equati@m3({) is adequate to preditiie
axial thrust for the axial flow pumps.

F.=(to 1.1}3(0@ -d?)rgH , [1] (3.37



The axial thrust increases at partload of the axial flow pumps which is aboutHhe Q
curve characteristics of the axial flow pumps. The safety féotaralculations should
be selected considering this reason.

3.3.3 Stress in the Blade

The critical part of the blade is the blade section at the hub. The stresses are high at
this section and the calculations are done for this section.

The stressesiithe impeller blade are the bending stress which occurs due to the axial
thrust and peripheral force caused by the torque and tensile stress which occurs due to

the centrifugal force. The tensile stress can be neglected in the calculations.

In order to alculate the bending mometite following calculations are done.

Mo

ﬁ

M

M

Figure 3.2 Moments acting on impeller blade

1 The moment of the force per blade:

er -r. x
MXZFX:03 | O+ |
e r0 ri

, [10] (3.39

1 The moment of the centrifafjforce per blade:
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e 60 &, -,

M =zZrg—V._H. (r, -r) z>— ,[10 3.3
q 8 gzn m th( o |) 2 [ ] ( 9
The resultant moment;
M =M, cosp, M, sn (3.40
The bending stress;
M
S, =— 3.4
= (349

Z is the section madus in bending of the whole section of the blade at hubeopart
of the blade section that joins the hub ( e.x. variable pitch blades application).

Blade section
at the hub

Part of the blade section
that joins the hub

Figure 3.3 Blade sections at the hub for fixed and separate blades from the hub

The stress at the lcallated section is @luated using the Equation (3)42

S.
5, ¢ g;j"’ (3.42
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34. Design Calculations of the Desired Axial Flow Pump
Thedesign parameters of the pump asefollows;

Table 3.6 Design Paramete

Q 500 to 700 | I/s
H 421048 |m
n 1000 rom

The designed pump in this thesis will work in the range of given flow rate and head
values Table 3.6 The design calculations and selections are done for the average
value flow rate ad head which are@® I/s and 4.5n.

The parameters that are used in the design cdtmsatare explained in detalil
previously.The design calculations are ddmgusing the parameters according to the
procedure given in Figuiz24.

Assumed and checked
parameters

.

nhyd. , Nyol. » Nmech.

* The blade thickness must be
checked for
manufacturability and
strengthen

+ Cavitation check

‘ { C, calculation ]

+ Inner and outer dia.

+ Velocity triangles :g/ c, < c/s ‘ { Profile selection }
s selection
(Inlet and outlet angles) ‘ Selection of profile ‘
angle of attack

Figure3.24 Impeller DesigrCalcuationsProcedue
Main dimensionsaregiven in Figure 3.25These dimensions are select&étie blade

profiles are selected and the angle of attack obtade sections are calculatdthe
diffuser inlet angles are specified and the full pump model &sirodd.
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The full pump model is analyzadlith the help ofCFD. By using the results of the
preparednodels the corrected final design is obtained.

Design calculations of thienal design are given in Appendix A.
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CHAPTER 4

CFD ANALYSES

4.1. Introduction to CFD

Engineering calculations for the basic flow equations have become to be solved easier
and faster with the developmeimnscomputer technology. 3D Navi&tokes equations
solver CFD codes have been developed. Nowadays, CRBasvidely in usefor
desigring pumps With the help of powerful computerthe calculation periods have
decreased significantly. From the beginnofgthis design processedesigners have
wanted to know the insight of the pump. Complex blade geometries and passages
make thiskind of investigationscomplicated and expensive for the punipsreal
conditions

The usage of CFD codgsves betterundestanding of internal flow to the desigrigr

the numerical experiments in the offic&ifferent commercial codes are available in
the market such as Fluent, CFdesign, CFX,-S8fay Numeca which can handle
turbomachinery CFD solutions with modeling feati In this thesisCFX code is

used for the improvement of the design and the FLUENT code is used for verifying
the final designAnalyses are performed using appropriate boundary conditions and
turbulence modeld-or the final design the unsteady anaktysre performed, too. On

the other hand, in order to predict the cavitation performance of the pump the
cavitation analyses are performed using CFX.

The integration of CFD into the desigmocedureprovides toimprove the pump
efficiency. To obtain theperformance curves the head and efficieaoycalculated
from the CFD at the specified capaciBost processing dfFD results,the pressure
distributions over the blades at different sectioas be used for improvemenihe
outputs like geamlines ad velocity vectors are very useful to understand the flow
insight the pumpUsing theseoutputs,designers can optimize impeller and diffuser
design

In this thesis, an axial flow pump is designed and CFD calculations are performed.
The design callations are given in Chapter. By using this design procedure, the
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main dimensions and the blade geometry are evaluated. The blades are designed as
airfoils. The selected airfoils are modified to the desired thickness. From thithgtep,
pumpperformance mudte checked by CFD to verify the desired design parameters.

If the pump performance is different than the dshirthe selected parametersttoe
selected airfoils are changed.

Design calculations are performdy using Microsoft Office Excel. Excel ithe
simple and useful program fotalculations. By using the Visual Basic, some
additional macros can be created to help the calculations. The blade geometries are
complex and must be controlled easily. The form of the blade is created in Excel. The
coordimtes of the blade and tieeridional viewis exported to solid model software.

The solid models are prepared using Autodesk Inventor. As can be done for Excel,
additional macro programs can be created for Inveritl@ A macro program is
created for autoatically import the coordinates of the impeller and diffuser
geometries from Excel. This additional macros facilitates the calculations and solid
model preparations. Prepared solid models are exported in supported format for the
CFD software. Even CFD needthe exact geometries of the pump, some
simplifications can b&one For example, the clearance between the impeller blades
and the casing can be closed. So, the clearance loss is neglected.

CFD software needs powerful computeks. the computer technolgy developsthe
calculationperiodis decreasetbr the solutionsWorkstations are convenient for this
type of programs. HP Z800 workstation is used in company. This computer has Intel
Xeon 3.46- 12 core processors and 48 GB RAM in 64 bit environmEms machine
is enough to perform the analyses even at high grid sizes.
4.2. Objectives of Pump CFD analyses

1 Calculation the head and efficiencies at the best efficiency point

1 Obtaining the performance curve of the pump

1 Minimizing the hydraulic losseat the impeller and diffuser chanraglcording
to the results

1 Attaining specific impeller outlet velocity profiles tnprove the diffuser
performance

1 Calculation of the hydraulic forces, in particular axial and radial thrust

1 Unsteady calculations dfi¢ pump

62



1 Obtaining the cavitation performance of the pump, in this manner the NPSH
can be found.

4.3. Basics of NaviefStokes Calculations

The Reynolds Averaged Navi€tokes Equations are solved by GED software.
The features and limitations mus known in order to perform a CFD calculation.

4.31. Turbulence Models

The turbulence model describes the distribution of the Reynolds stresses in the flow
domain. All turbulence models in use are of an empirical nature. Due to these
empirical constantsnay change for flow situations, there is no universally valid
turbulence model which will yield optimum results for all applications, [1]. It is
important to select the appropriate turbulence model for the flow cases.

Available turbulence models are:

7 kU model ,

1 k-¥ model

9 Shear stress transport model (SST)

1 Reynolds stress transport model (RSM)

1 Large eddy simulation (LES)
The detailed explanations of the turbulence models exceeds the scope of this thesis.
The recommended modehich is kUis usel in the CFD calculationg=urthermore,
in order to understand the effect of turbulence modeling the SST calculations are
compared withthexX) cal cul ati ons.
4.32. Grid Generation
In the components of the fluid domaithe NavierStokes equations arsdved
iteratively by CFD. For this calculations the fluid domain must be divided to small
cells. The quality of the grids are important for results of the CFD. To obtain reliable
results the grid sizes must be checked and compared with fine grid sizet® hae
complexity of the pump geometry, the unstructured grids are appropriate for the pump

CFD analyses. Unstructured grids don not generate continuous grid lines. They have
tetrahedrons. Unstructured grids are more complex which needs more effortino obta



a quality grid and need mooemputatiortime as compared to structured grids. These
are the disadvantages of this type of grids.

The main goal when obtaining the sufficient grid sizes, the important parts of the fluid
domain must be fine enough. Thepeller geometnand the diffuser geometry need
high quality grids than the other parts of the solution domain. Impeller and diffuser
leading and trailing edge grids should be fine enough to obtain reliable results.

4.33. Numerical Procedures

To solvethe algebraic equations, some algorithms are available such as "SIMPLE"
(Semiimplicit Method for Pressure Linked Equations). The various algorithms differ
in calculation times, convergence and accuracy. Algebraic difference equations
determine how the pfsical quantities such as velocity and pressure behave within the
cells, [1]. Order of the corresponding polynomials are important. These orders are
first, second and third order truncation error when calculating the physical quantities.
For first order tuncation errorthe physical quantities are constant within the cell. For
second order truncation errahe physical quantities vary linearly. For third order
truncation error the physical quantities are square functions within a cell.

In pump CFD analses the first order trundgon errors are not sufficienfl] The
influence of grid resolution and order on the calculated efficiameghown in Figure

4.1. Higher order of the polynomial is better to obtain reliable results but it affects the
convergene of the iterations. It needs more time to get converged solutions. The
convergence criteria is the residuals.

The residuals indicate how far an obtained solution is from exactly fulfilling the
discretized equations of conservation of mass and momefithm,
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Figure 4.1 The influence of grid resolution and order on the calculated efficiency, [1]
4.34. Boundary Conditions

Generally, thanass flow rate is specifiddr inlet and the pressure is specified at the
outlet. When calculating cavitation phenena, the pressure at the inlet and the mass
flow rate at the outlet are specified.

Turbulence level and the length scale must be defined at the inlet boundary. The
length scale of the turbulence can be selected as 1% dfothe hydraulic diameter,

the blade height or the impeller inlet diameter. The higher the length scale, the more
intense is the exchange of momentum perpendicular to the main flow direction. The
turbulence level in pumps is relatively high, for exampfé &t the impeller inlet and

10 % at the diffuser inlet, [1].

Periodic boundary conditions are used for minimizing the grids. This type of boundary
conditions decrease tltemputatiortime significantly. Only one impeller ardiffuser
passaggeometry areised for the calculation

4.35. SteadyState Calculations of Pumps

Steady calculations are needed due to high computational effort of the unsteady
calculations. The reliable results can be achieved by steady approaches. Mixing Plane
and Multiple Reference Frame (Frozen Rotor) rodthare the best known methods
that are used for full pump CFD analyses.



Both the Multiple Reference Frame and Mixing Plane models assume that the flow
field is steady, with the rotestator or impellebaffle effects being accounted for by
approximate mens. These can be acceptable models in cases where thstatior
interaction is weak or an approximate sioo for the system desired, [[16

The Multiple Reference Frame model is the simplest method. It is a sttddy
approximation in which individal cell zones move different rotational speeds, [L6

The Multiple Reference Frame model can be used for a turbomachinery application in
which rotorstator ineraction is relatively weak, [16In this method, the calculated
performance depends on tteor and stator positions. To control the obtained result,
several rotor and stator positions can be calculated.

Mixing Plane is introduced between impeller and collector where circumferentially
averaged velocity and pressure profiles are used at fhesati inlet. The non
uniformities between front and rear shroud are thus taken into account by the
calculation, [1].

While a mixing plane calculation would be preferred, it is often abandoned in favor of
the frozen rotor concept because of convergenablgons which are due to the small
rotor-stator clearance used in diffuser pumps, [1].

Because of the strong pressure variation over the circumference, the results of off
design calculations of pumps are doubtful and convergence may be difficult for both
the mixing plane and the frozen rotor approach, [1].

Several works have been done on steady calculations. In all vitoikseported that

near the best efficiency point the results of CFD and the tests agreed. At partload and
high flow rates the resultare questionable. So, the stability characteristics of the
pumpQ-H curve cannot be captured well by steady methods.

4.36. Unsteady Calculations of Pumps

The flow in pumps is fundamentally unsteady because of thestattmr interaction.

In order to dtain reliable results, the unsteady calculations have to be performed by
CFD after the steady calculations. While improving the pump performance the
unsteady calculations are not feasible due to high computing time.

The Sliding Mesh method is the fullynsteady method. By a few revolutions a

converged solution can be obtained with this method. The overall performance of the
pump is determined by averaging results of the last one impeller revolution.

6€



4.37. Cavitation Analyses

The main goal of the cawtion analyses is to predict the NRSkalue. While
obtaining this, the cavitation inception, cavity length and the head drop can be
determined. In order to predict the cavitation performance of the pump atlesiane
special models in CFD codes. Focavitation analyses the boundary conditions for
inlet and outlet are changed. For inlet boundary the absolute pressure must be
assigned. For the outlet boundatiye mass flow rate is specified. For a specified
pressure at the inlet the head is calculatedach analyses and than the sigma versus
head graph is plotted. From that graph the cavitation inception and thezgNBIbid

can be determined. An example of this graph is given in Figure 4.2.
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Figure 4.2 The sigma versus head,][17
4.38 Checking Corvergence
In order to obtain a true result, the residuals of local quantities should be bétow 10
and residuals of RMS8alues nor exceed f0The grid quality, order of the solution

and the physically meaningless boundary conditions affects the conwerdeor
unsteady calculationthe time step selection is important for convergence.
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4.3.9 Limitations of CFD

In order to obtain a reliable result from CFD, it is important to known the limitation of
CFD. The main ears that affects the solutionedisted below.

9 Numerical Errors :

The numerical error of a CFD calculation is the difference between the exact solution
of the differential equation and the actual solution obtained, [1]. The discretization
errors and the solution errors are the nuoarérrors. When the exact solution of the
differential equation is different from the exact solution of the discretized equation,
the discretization errors occuVhen the exact solution of the discretized equation is
different from the actual solutionhé solution errors whichatise convergence
problems occurlncreasing the number of grid point decreabesnumerical errors
which needmore powerful computers. In order to obtain reliable results, the mesh
have to be improved until a mesh independenttisni is obtained.

1 Modeling Errors :

The turbulence characteristics of the flow, the true geometry of the cast impeller and
diffuser and the roughness are the main unknown for a CFD problem. Some physical
models are developed to capture the real thovbecause of the unknown parameters
mentioned above are dominant on the results of the CFD.

9 Simplifications:

The limited computer power compelled to make some simplifications on the geometry
of CFD model. The simplification on the small geometrre affects the results can
cause to obtain different results than the real.

The influence of the number of elements on the hydraulic impeller efficiency is shown
in Figure 4.3.

0.98
0.96 = &8
5 0.94
£ 0.92
0.9 b o —e— 11000 elements ||
0.88 / I—E—32'UU'O elements |

0.6 0.8 1 1.2 1.4
QQgep

Figure 4.3 The influence of the number of elements on the hydraulic enpell
efficiency, [1]
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4.4. Integration of CFD into the Design of the Pump

In order to evaluate the designed pump before the manufacturing, CFD integrated
design procedure is used. The CiREegration is given in Figure 4.4.

The parameters that should be miped in order to reach the desired performance
values can be decided by using the CFD results. CFD integration is important at this
point. Furthermore, it provides to understand the flow inside the pump and gives

experience for future works to attain higfficiencies.
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Figure4.4CFD integrated design



4.5. Application of CFD and Evaluation of The Results

CFD analyses are performed with the help of the information given in previous
sections. First of all, the models are imported to the ANSYSety. There are 5

fluid volumes at the domaiwhich are inlet, suction, rotor, stator, outlelumes The
simplifications for the geometries are done with the Autodesk Inventor so the models
at the ANSYS Geometrig used as the importddrm. In Figure 4.5 theldid volumes

are given.

Inlet Suction Rotor Stator Outlet -

Volume Volume | °

Figure 4.5 Fluidvolumes

For the mesh and solving the name of the boundaries are important. For example, for
inlet and outlet names must be entered to the relevant boundaries in order to specify
the inlet and outlet conditiorsr the blades at the rotor volume in order to calculate

the torque at the blades. This "name selection" part of the software is very useful. As
the names are given correctly, the meshing and analyses of the second model can be
done easily.

Meshing for hedomain isdone with ANSYS Meshin order to obtain true results the
meshing must be done carefully. The Workstation used for the analyses is adequate to
solve the mesh with high number of elements. So, 6 million elements are sufficient for
the calculatns. It has 1.6 million node$he rotor and stator grid quality are higher
than other parts of ttrdomain

The "Inflation" is important for boundary layer flow.layerboundary layer mesis
done for the wall boundaries.
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Figure 4.6 Mesh

Figure 47 Inflation
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After this stepthe model is analyzed with the CFD codes. In this thesis the CFX and
Fluent programs are used. CFX uses finite element method and Fluent uses finite
volume method. The procedure of the CFX analyses are given below.

The nesh is used by thé&Solver'. At this step,boundary conditions, analysis type,
turbulence models are specified.

Inlet and outlet boundary conditions aassigned. For inlet, "mass flow inlet"
boundary condition is given. For outlet, "static pressure" 8agncondition is given.

The rotating part is rotor. The rotor volume assigned as "rotating". The rotating walls
of the rotor are hub and blades. The shroud is assigned as "counter rotating" because
of the opertype of the impeller geometry.

The types of the analysis are steady state and transient. For comparisoseanlg
steady statealculationwhich is the "Frozen &or' method is performedFor the
unsteady calculations tfi8liding MesH' is used.

K-Umodeling is used for the calculations. Todarstand the effect of turbulence
modeling Shear Stress Transport turbulence modeling is compared withk-the
model.

Y r .
Figure 4.8 The model at the CFX

For convergence, when all the residudiepsbelow the 5x1¢° , the analysis stops.
The residualsan be seen from the Figure 4T%e results don't have to change at last
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iterations. To see the change of pressure and torque value by iteration, the monitors
should be created at the planes. It can be seen from Figure 4.10.

Momentum and Mass | Turbulence (KE) | User Points [X]
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Figure 4.10Convergence Monitors



The results of theanverged solution arevaluated. The head and eféincy at the

given flow rate arecalculated from the CFD results. Them oftorque from the
blades and rotor hub salculated Head iscalculated using Bernoulli equation. It is
written from inlet to outlet. The mass weighted average total pressure values are taken
from inlet and outlet.

pt,outlet
(Pa)
T (Nm)
pt,inlet
(Pa) N
Figure 4.11Performance calculation
Head :
H = pt,outlet- pt.inlet [m] (41)
rg
Power :
a p
P =T n— 4,
h hgé“so (W] 4.2
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Hydraulic Efficiency :

h, :rgpﬂ 4.3
h

Pump Efficiency :

hy=R e (4.9

Evduation of the Results :

Theobtained results from the CFD arealuated. The criteria for this :

1 The best efficiencylow rate of the design must be at tdesireddesignflow
rate with satisfying the desired head

1 Theefficient design is selected te final design.
4.6. CFD Analyses of tk Designed Pump
4.6.1. Obtaining the Final Design

The CFD analyses are performed in order to design the pump which operakes at th
given design parameters withigher efficiency. For this prpose several design
changes musbe doneto the inappropriate design at the design calculation and
selectiorstep.So, the design is improved.

The main dimensiongf themeridional viewaredecided. The hulo-tip ratio, solidity
and the number of blades are specified. Thaddlprofiles are chosen with this
parameters.

In this thesisthe effect of blade profileis investigated. The main design is divided
into major two cases which aBESIGN-A and DESIGNB.

At DESIGN-A, the RITZ profile is used for the blade profilat DESIGN-B, the
NACA profile is used for the blade profil&he angleof attackvaluesof the blade
sectiors are calculatedwith the characteristics afelected profilesvhich are taken
from a software

The effect of sphericalegpmetry and the blade blode areimportant for the axial
flow pumps. Becausea small deviation at the blade angle creates significant



differences at the head and power consumption of the pump. In order to design the
pump at the desired flow rate and hgtheé CFD application shodilbe done carefully

and the results should be evaluated. According to the results the appropriate design
changesnustbe done.The corrected forms of the DESIGN and DESIGNB are

called as DESIGM\-COR and DESIGNB-COR.

The main comparison is done by ngpiCFXwith steadystate analyseand the pump
is decided as final desigRurthermore some investigations are dooa the several
different analyse of the final desigfor verification

f Frozen Rotor calculations are done with kkéturbulence model. The results
are compared and the design changes are done. After finding the best design
the analyses amone again with a different turbulence mowdgilich is Shear
Stress Transporhodel

1 The final design is analyzed with unsteamjculation Sliding MeshSo, the
effect of rotorstator interaction and the steady state pump analyses are
compared.

1 Another CFD software Fluent is used. The same Frozen Rotor calculations are
done with the Fluent. By this comparison, theults of pumpnodel decided
asfinal designare verifiedby another software.

1 The effect of surface roughness is investigated.

1 The variable pitch pump is analyzed at the three blade posititmes.
performance change is obtained.

4.6.1.1. DESIGNA Results

The profike of RITZ3-30-10 which is a norsymmetrical profilds used.The ratio of

the lift coefficient to drag coefficient of this profile is highhich is more than 100
The maximum thickness position of the profile is at 30 % of the chord lefpth
angle of #ack values of the sections are calculated and used in the design
calculationsThe pump model is prepared with using this profile.

At the beginning of the design procetbe meridional velocity is taken without

considering the blockage of the blad8e, the approach flow angle is calculatsl
the minimum
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Figure 4.12 CFD results of DESIGN

In order to obtain the desired performance the meridional velocity corrections are
done. Because, without considering the blockage of the blades the pederisa
obtained lower than the desired. The flow rate and the digtheé maximum efficiency

point arelower. Calculations for increased meridional velocity means that obtaining
high blade angles which provides higher flow rate and the higher head. This
corrections must be done for the unknown mean blockage. CFD plays an important
role at this step.

Results of the models analyzed for obtaining the corrected design are given in Figure
4.12. At the figure, the tolerancder the flow rate and the head agiven for
information. The tolerances for the flow rat

The results of dur desigs are given. [Hiciencies of the four designs are
approximatelysame. At the first desigiDESIGN-A1), the calculations are done
without consi@ring the blockage of the blade$his approximation makes the
meridional velocity lower at the calculation. This results the lower blade stagger angle.
It is seerfrom the CFD result of the first desigimat the flow rate and the hearknot
enaugh for he design pointAt the best efficiency pointhe flow rate is about0 %

and the head igbout12 % lower than the desired design parameters.

For this reason, the second design calculations are done with maximum blaxkage

find the maximum flow raterad the headThe maximum blockage is at the maximum
thickness position of the bladé@ccording to the CFD results of the second design
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(DESIGN-A2), the flow rate and heaarevery high from the design poinit the best
efficiency point, he flow rate is bout 6 % and the head iabou 8 % higher than the
desired design parameters.

As it is discussed at the previoasction the correction for the meridional velocity
must be done. Meridinoal velocity is decreased with a correction factor. This
correction lings the DESIGNA3 and DESIGNA4.

At the DESIGNAZ3, the meridional velocity is decreased with a factor of 0.985 and
the DESIGNA4 the meridional velocity is decreabeith a factor of 0.97. At the best
efficiency point of the DESIGM3, the flow rate $ about 3.5 % and the head is
about4 % higher than the desired design parameters. At the best efficiency point of
the DESIGNA4, the flow rate is the same with tldesiredflow rate but thenead is
about 1 % lower.

The fourth design is selected as timalf design of the DESIGM.

The final design is called as the DESI@ANCOR.

4.6.1.2. DESIGNB Results

The same procedure is performed for the DESEzNrhe NACA 65-010 profile
which is a symmetrical profilés used and the angle of attachluesof the blade
sections are calculated@his profile has the maximum thickness position of 40 % of

the chord length.

In order to obtain the desired performangéh the DESIGNB, the correctionsit the
calculationsare done aperformed for the DESIGM.

The canparisonof the results oDESIGN-B-COR and DESIGN-A-COR is given in
Figure 4.13.
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Figure 4.13 Comparison of DESIGAFCOR and DESIGNB-COR

The performance curves of both of the designs ensure the desired desigit mint.
efficiency of the DESIGNA-CORIis higher than the DESIGB-COR.The difference
at the efficiency is about 4 % at the best efficiency point of the two deSig®GN-
B-COR has the head of about 1 % higher than the DESAGIOR.

The efficient design is selected as the final design widDESIGNA-COR. It can
be said that the RITZ profile eppropriate for thistudy.

In order to understand the flow inside the two desigine "P@tProcessing” of the
CFD tool musbe used.

Bladeto blade streamlines at the 10 % ,%0and 90% of the span for g of the
DESIGN-A-COR and DESIGNB-CORaregiven in Figure 4.14 to 4.17.



DESIGN-A-COR- 70 % of Span

DESIGN-B-COR- 70 % of Span

Figure 4.14 Streamlines at the 70 % of the span fgy Q
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DESIGN-A-COR- 90 % of Span

DESIGN-B-COR- 90 % of Span

Figure 4.15 Streamlines at the 90 % of the span gy Q
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DESIGN-A-COR- 10 % of Span DESIGN-B-COR- 10 % of Span

Figure 4.16 Streamlines at the 10 % of the span fgy Q

At the both of the designs, there is a problem at the diffuser channel near the hub
region. The separations are seen behind the diffuser bllidsn be said that the
intensity of the separations are higher at the DESBSGIOR. This separatien
decreas¢he eficiency of the pump.

In Figure 4.17 the total pressure variation frommpeller inletto diffuser outlet is
given.
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5.700e+005
[Pa]

DESIGN-A-COR

| [ 5.825e+005

5.700e+005
[Pa]

DESIGN-B-COR

Figure 4.17 Total pressure variation from suction to diffuser outlet at,the Q

According to kgure 4.17, he total pressure is increasing at the impelgionand
decreasing at the diffuser. At the hub, there is a problematic region at the both of the
designs.The huge part of the efficiency is lost at the hub of the impeller and the
diffuser.

The blade loading charts of the two designs are given in Figuretd.482Q The
pressure distributiaaover the blad sections can be seen from thiggeres.
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Figure 4.D Pressure distribution over the blade section at 10 % of span
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The blade loading chart is very useful to understand the pressure distribution over the
blades. Approximately the same pressure difference is obtained from the DBSIGN
COR and DESIGNB-COR. But, it is clearly seen that the DESIGBICOR has very

low pressure minimum values at the leading edge of the blades. This means that the
velocity at the leading edge of the DESIEBNCOR is very high. This is dangerous
from the cavitation point of view. Seegardless of the efficiency the DESIEBN

COR is not appropriatéor the desigred pump in this thesiBecausgcavitation is

very important design limitation.

DESIGN-A COR

ESIGN-B COR

Figure 4.21 Velocity vectors at the impeller blades fg, Q
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In Figure 421, the velocity vectors at the impeller blades for thg,@re seen. As
discussed aboy¢he velocity is high at the lding edge of the DESIGIB-COR.

4.6.13. Investigations onthe Final Design Analyses
Both of the designensurethe desied performanceThe efficient design must be
selected which is DESIGN-COR Some investigations are done on this final design.

In order to verify the CFD analyses, the comparisons which are given below are done.

1 Analyses by usin®ST turbulence model

The effect of turbulere modeling is investigate&ST turbulence model is selected
and the analyses are done for the final design. Results areigiFeyured.22.

DESIGN-A-COR_SST

5
—+ DESIGN-A-COR_k_epsilon

350 400 450 500 550 600 650 700
Q (lis)

Figure 4.2 Comparison of turbulence models

For the SST, the calculated head is lowed the efficiency is higher than theU
resultsat the same boundary conditiofBut, the differencearevery smallwhich is
less than P4 at the best efficiency poinBo, he analysesan continuawith the k-0
model

For a best efficiency pointhere is not a significant difference on the performance.
But, at the partload especially at the low flow rates this difference may arise due to the
complexity of the flow over the bladeAt the overloadthe difference at the head and

the efficiency arisetpo.
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 Transient analyses

After understanding the effect of turbulence modeling, another parameter that has to
be checked is the time dependent analyses.

In this thesis, the analyses are done with steady state calculations but the final design
is decidedaccording to the results of the unsteady calculations. Bectiesenore
realistic results can be obtained by only unsteady calculations of the pump analyses.

The time dependent analyses take nuadeulationtime than the steadstate analyses.
Transiem analyses are not used in the design ®epause, these types of analyses are
not convenient for the pump analydescause of the high computational eff@&o,

only the final design is analyzed with the transient calculatidhe."Sliding MesH
techngue is used in CFX. Total timend the time step which Belected ashe 2
degrees of revoluth are specified. For the interfaces"transient rotor stator" is
selected. By this selectipfully unsteady flow can be captured. In order to understand
the unsteadyrotor-stator interaction this types of analyses must be performed for final
designs.

Momentum and Mass | Turbulence (KO) | Wall and Boundary Scale | User Points a8

280 —

285 -

-290

“ariable Value

-295

-300

-305 -

-7 T——T—————
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Figure 4.3 Convergence oforque at unsteady analysis



For a time dependent analysis the torque and the pressure difference have fluctuations
with the time steue tounsteadyrotor-stator interaction. So, when evaluating the
results of unsteady calculations the avenagaes of the results #te last revolution

can be takenThe variation of torque on blades with the time step is given in Figure
4.23.

The seady state analyses results are used as the initial condition of the unsteady
calculations.The unsteadyJRANS (Unsteady Reynolds Averaged Navtokes)
calculations are done just for the best efficiency pdinalyses are done at the same
turbulence moel which is k-U The comprison is given in Figure 442

DESIGN-A-
COR_transient

H (m)

1 (%)

—+- DESIGN-A-
COR_steady-state

Q (Is)

Figure 4.2 Comparison of steady and unsteady calculations at the best efficiency
point

According to the resulbf the analys that is performed for the best efficiency point,
the calculated éad and the efficiencgrehigher than the steady state calculation. The

differences areabout5 %for the headind 2 %for the efficiency

As seen fom the comparison at Figure 4,2he design point is at the middle of the
transient result and steadwate results.

9C



1 Fluent Analyses

Fluent is the most commonly used CFD tool as CFX. Fluent uses finite volume
method. In order to check the v#ts of the CFX, the comparison @®ne with the
Fluent resultsSame procedure issedfor the Fluent. The alysis type is specified as
steady state. The rotating part which is the impeller volume is specifiddthe
revolution speed igiven The rotating boundarieshich are blades and the hub are
specified. Same boundary conditions with the CFX are Wdaes flow rate inlet and

the pressure outlet is specified. The SIMPLE algorithm with the Second Order
Upwind schemeis used.The convergence monitor of the @itpressure is given in
Figure4.25.
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Figure 4.5 The convergence of the outlet pressure

The conparison of the CFX and Fluerdgsults are given in Figude26.
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Figure 4.5 Comparison of CFX and Fluent results
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It is seen that by using the same mesh, same boundary conditions and the same
turbulence modelshe CFX and the Fluent fourapproximatelysame performance
results. The difference is less than 0.5 % at the head and the efficidrniy.
verification is enough for the thesis. Furtherastigations can be done ftwoth of the
software but tis investigations are not stope of the thesis.

This two software verification is importamd manufacture the pump witonfidence
by using the results of one of them

9 Effect of surfaceroughness

Roughmess is important for the pumpseftects the frictional losse&or this purpose

the effect ofsurface roughness is tried tbe investigated. Only the best efficiency

pointof the final designs analyzed. Theurfaceroughness height must be assigned to

the software. Theurfaceroughness heighb f 25, 50 and the 100 em ar |
Results are given in Figure 4.2

The analyses are performed by assigning the roughness heights to the boundaries at
the suction, impeller and the diffuser. Because, by this investigation only effect of
roughnes heights at the suction, impeller and the diffuser channels are considered.
The losses at the inlet and the outlet walls due to frictional effects of the roughness are
neglected.

—+— Smooth

@

Ra=25 micron

7 (%)
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= Ra=50 micron

o

# Ra=100 micron

350 400 450 500 550 600 650 700
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Figure 4.7 Effect of surface roughness on performance of the pump
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As the surfaceroughness height increase, the efficiency and the head of the pump
decreaselt can be said that the roughness is very important for the axial flow pumps.
The efficiency drops dramatically by the increasswffaceroughness heighiit the

100e mefficiency drops P4 and head drops 8 %.

9 Analyses of theifferent blade positios

In this thesis, the designed pump has variable pitch blades which provide large
operational range. Several blade pos#ioan be adjusted. The reference position is
definedas the 0 degrees position which is the position of the designed and analyzed
position before. The +4 and thé degrees are investigatéthe new positions of the
blades are adjusted at the solid modeliRgmp model ismported into the ANSYS
andthe same analysis procedure is applReésults are given in Figure 8.2

—+— +4 degrees

—+— 0 degrees

7 (%)

-4 degrees

250 350 450 560 650 750 950
Q (I's)

Figure 4.8 Comparison of the three blade positions

It is seen from the CFD analyses that the efficiency of the pump can be accepted as the

same when the blade position changeést h t he range of N4 degrees
of the pump changes approximately at the
with the N4 degrees change of blade positio

predicting the new performance of the pumghwvthe blade position change.

By using the CFD integrated design calculatiotiee desired operational range58f0
to 700 l/sfor flow rateand 4.2 to 4.8 rfor headare obtained.This pump can be used
at thislarge operational range.
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4.6.2. Cavitation Analyses of the Final Design

The cavitation performance of the designed pump is obtained by using CFX, too. CFX
provides to capture the vapor volumes for cavitating flow at the impeller suction side.
The cavitation prediction is importanWWhen the pum begins to cavitate the
performance changes significantijo avoid this problem the NPQHbf the pump
should be decided as higher valtiean NPSH. With the help of CFD the NPS&HOf

the axial flow pump can be predicted as the performance characteristic.

The cavitation analyses are done with impeller alone model. There is no need to use
the full pump model for the cavitation analyses.

K-Uturbulence model is used and the analyses are done with Frozen Rotor technique.

When the static pressure drabg vapor pressure the pump starts to cavifaethis
reason, in order to get the performance values at the specified NPSH the static
pressure at the outlet should be specified correctly. For the inlet, the magsitiBow
boundary condition is specifie@he analyses are performed for the best efficiency
point so, the mass flovateat that point is specified.
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Figure 4.3 Cavitation results
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Analyses are done with twghase homogenous cavitation model using the Rayleigh
Plesset equation. The NPSHrses head variation is very useful to obtain the NPSH
required of the pump. For three blade positions the plotstdaéned So, the variation

of NPSH with the head isbtained The analyses relts are given in Figure 42 In
Figure 4.3 the head of th® degresblade position is taken as the reference head. The
best efficiency flow rate of the 0 degsd@dade position is the reference flow rate. So,
the three different cases are investigated.

Same trend for three casesdbtained.NPSH is defined aghe threepercent head
drop. It is observed that the NP&Hf the pump increases with the increase of flow
rate Before the three percent head di@mppens athe NPSH versusi curve, it is
seen that the head increases with the decreasing NPSH. Ithakesximum valuat

a certain valuand than drops sharply

Cavitation is a limiting factor for the blade position. So, the NPSH available must be
sufficient for the maximum flow ratén Figure 4.30the vapotvolume fraction at the
suction side of thempeller is given. From this figure the development of the vapor
bubbles at the impeller suction side can be seen and the region where the cavitation
damageoccus can be predicted.

NPSH =35m NPSH =25m

NPSH =19 m NPSH=15m

Figure 4.30 Vapawolume fraction for +4 degrees blade positions



NPSH =10.1m NPSH =8.8 m

NPSH = 8.5 m (NPSK- 3 % head drop NPSH=8m

Figure 430 Vaporvolume fraction for +4 degrees blade posisiGcontinued)

In Figure 430, 8.5 m is the NPSklvalue for the +4 degrees blade position. After the
NPSH value,the breakdowroccus and the cavitation damage extends from middle
to the rear of the suction side of the blades. The cavitation inception point is important
for some cass. By using these analyses the cavitation inception point can be
predicted toa

The cavitation bubbles are concentrated at the tip of the suction side of the blades. The
flow inside the axial flow pumps becomesore complicated after the cavitation
ocaurs. The cavitation characterist€the axial flow pumpss different than the other

types of pumps. It is thought that the difference is about the high recirculation
intensity of the axial flow pumps.

For a good cavitation characteristic the bladetises should be selected very
carefully. The maximum thickness position of the airfoils plays important role at this

point. The cavitation check can be performed with the CFD models.

But, in order to verify the cavitation results of the CFD, the expetiahéess must be
done. In this thesis, the experimental cavitation tests didn't performed.
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CHAPTER 5

SOLID MODELS PREPARATION AND MANUFACTURING OF THE PUMP

5.1. Solid Models of the Designed Pump

Solid models of the designed pump are prepaidi Autodesk Inventor. Creating the
blade geometries and the designing the other parts are done. Pump parts are as
follows:

1 Blade

1 Hub

1 Cap

1 Diffuser

1 Suction Bell

Blades are connected to hub separately. For each blade, two contra nut, one pin and
onewasherareused. Pins are used to adjtist blade position. There arepbsition

which are +4, +2, 0 ;2, -4 degrees. The zero position is the design point. The
positioning is given in Figure 5.4.

97



Figure 5.1 Impeller parts

Figure 5.2 Solid modef the impeller assembly
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